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We propose and investigate a spin transistor device consisting of two ferromagnetic leads connected by a
two-dimensional topological insulator as the channel material. It exploits the unique features of the topological
spin-helical edge states, such that the injected carriers with a non-collinear spin-direction would travel through
both edges and show interference effect. The conductance of the device can be controlled in a simple and all-
electric manner by a side-gate voltage, which effectively rotates the spin-polarization of the carrier. At low
voltages, the rotation angle is linear in the gate voltage, and the device can function as a good spin-polarization
rotator by replacing the drain electrode with a paramagnetic material.
The discovery of topological insulators (TIs) has gen-
erated enormous interest in exploring their fundamentally
new physical properties as well as possible technological
applications.[1, 2] Particularly, the two-dimensional (2D) TI,
also known as the quantum spin Hall insulator (QSHI), pos-
sesses a pair of topological transport channels confined at the
sample edge while the bulk is insulating.[3, 4] These chan-
nels are spin-polarized and helical, i.e., opposite spin states
counter-propagate at a given edge. Furthermore, they are pro-
tected against backscattering from non-magnetic impurities,
hence are in-principle dissipationless. Due to these unique
features, QSHIs hold great promise for spintronics applica-
tions. However, from a device point of view, the robust-
ness of the edge channels also poses challenge for designing
efficient and effective control methods. In previous studies
of QSHI-based devices, several schemes for controlling the
edge-channel transport have been proposed, which are mainly
based on quantum point contact (or nano-constriction) struc-
tures which couple the channels on opposite edges,[5–13] or
by using external magnetic field or exchange field.[14–19]
Motivated by the rapid progress in the field of topologi-
cal insulators and by the experimental advance in fabricat-
ing high-quality QSHI quantum well structures which could
achieve ballistic transport over micron-scale,[20–24] in this
work, we propose and study a new QSHI-based spin transis-
tor device (see Fig. 1). Different from the existing proposals,
the design exploits the spin-polarized transport at both edges
of the QSHI channel material, and relies on the interference
between them which can be effectively controlled by a small
side-gate voltage. It has the merits of simplicity, low power-
consumption, and all-electric controllability. Moreover, the
device could function as a good spin-polarization rotator with
slight modification of the design, and it can also be used to
probe the edge states of a QSHI.
As schematically shown in Fig. 1, the device consists of
two ferromagnetic electrodes connected by a QSHI channel
material. A side-gate is deposited along one of the sam-
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FIG. 1: Schematic figure showing the QSHI-based spin transistor. It
consists of two ferromagnetic leads and a QSHI channel in which the
transport is through the topological spin-helical edge channels. Here
only the edge channels propagating from left to right are shown. The
transport is controlled by a side gate at one of the edges.
ple edge (here chosen as the upper edge) and is used to
tune the local chemical potential around the edge. The op-
eration of the device only relies on the general features of
QSHI state, not depend on the specific material. Here, for
concreteness, we take HgTe quantum well as the channel
material, which has been experimentally demonstrated as a
QSHI.[20] Its low-energy physics is described by the four-
band Bernevig-Hughes-Zhang model around the Γ-point of
the Brillouin zone.[4] Written in the basis of |E1,+〉, |H1,+〉,
|E1,−〉, |H1,−〉, where E1 and H1 denote the electron and the
heavy-hole subbands, and ± represent spin-up and spin-down
states along the z-axis, the Hamiltonian takes the form
H0 = ε(k) + M(k)τz + A(kxσzτx − kyτy). (1)
Here k = (kx, ky) is the 2D wave-vector, ε(k) = C − Dk2,
M(k) = M0 − Bk2, the coefficients A, B, C, D, and M0 are
material-dependent parameters, the Pauli matrices τ denote
the E1 and H1 states and σ represent the spin states. We model
the channel of device with width W and length L by discretiz-
ing Eq. (1) onto a 2D square lattice.[25] The effect of the
side-gate is modelled by adding an on-site potential Vg to a
region with dimension Lg ×Wg around the upper edge.
The two electrodes can in general be any ferromagnetic
metals, and the essential physics that we discuss below does
not depend on the specific material. Here, in order to min-
imize the contact resistance, we model the leads using the
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FIG. 2: (a) Energy spectrum of an extended QSHI ribbon with a
width of 50a (a = 2.0 nm), showing topological edge states (red dot-
ted lines) inside the gap of bulk bands (blue solid lines). (b) Spatial
distribution of the two spin-polarized edge states marked by A (at
energy -1.25 meV) in (a)). The spin-up channel is localized at the
upper edge and the spin-down channel is at the lower edge. The pa-
rameter values are taken for HgTe quantum wells: A = 365 nm·meV,
B = −700 nm2·meV, D = −500 nm2·meV, M0 = −10 meV, and the
constant energy shift C is taken to be zero.
same H0 in Eq. (1) with an additional exchange coupling
term. Experimentally, this can be realized by Mn-doping in
HgTe quantum wells.[26, 27] The resulting exchange term
can be written as[28, 29] HmL(R) = gemL(R) · σ(1 + τz)/2 +
ghmL(R) · σ(1 − τz)/2, where ge(h) is the g-factor for the |E1〉
(|H1〉) orbital, L(R) stands for the left (right) lead, and m is
a vector along the exchange field whose direction can be con-
trolled experimentally, e.g., by an external magnetic field, and
its strength can be tuned, e.g., by the doping concentration.
The transport property of the device is studied using the
Landauer-Bu¨ttiker formalism combined with non-equilibrium
Green’s function techniques. The two-terminal conductance
for the considered system is given by[30]
G =
e2
h
Tr[ΓLGrΓRGa], (2)
where e is the electron charge and h is the Planck’s constant,
Gr/a is the retarded/advanced Green’s functions of the channel
region, ΓL(R) are the linewidth functions describing the cou-
pling between the left (right) lead with the central channel
region, and the trace is taken over both the spatial and spin
degrees of freedom. The linewidth functions can be obtained
from Γα = i(Σrα − Σaα), where Σr/aα is the retarded/advanced
self-energies for the α lead (α = L, R). All the quantities in
Eq. (2) are evaluated at the Fermi level. In the modeling, we
assume two leads to be semi-infinite and have the same width
W as the channel region. The self-energies of the leads as well
as Gr/a can be computed using a recursive method.[31]
We first consider the configuration in which the two leads
are spin-polarized along the x-direction, i.e., mˆL,R = xˆ, where
the hat indicates a unit vector. For the two leads, to make
the physical picture more transparent, we choose the chemi-
cal potential such that the carriers on the Fermi level are fully
spin-polarized, i.e., the source and drain correspond to per-
fect spin polarizer and analyzer, respectively. In the central
channel region, the chemical potential is required to be in the
bulk bandgap such that the system is in a QSHI state. Fig-
ure 2 shows the electronic band structure of a corresponding
infinitely-long (along x) QSHI ribbon with W = 50a, where
a = 2.0 nm is the lattice constant of the square lattice used
for our numerical calculation. One can observe the topolog-
ical spin-helical edge states in the bulk bandgap, marked by
the red dotted lines. In fact, each line is doubly degener-
ate because there is one state from each edge. At a given
edge, there is a pair of counter-propagating states with op-
posite spin-polarization along the z-axis. If we consider the
modes going from source (left) to drain (right), then there
are two channels: one spin-up (|z; +〉) channel at upper edge
and one spin-down (|z;−〉) channel at lower edge, as indicated
in Fig. 1. Figure 2(b) shows the spatial distribution of the
two modes marked by point A in Fig. 2(a), which verifies the
above picture. In Fig. 2(a), one observes a small gap opened in
the edge-states spectrum. This is due to the finite width of the
sample such that the states on the two edges can have a small
hybridization.[32] Several previous proposals tried to use this
inter-edge hybridization to control the edge-state transport.[5–
13] In contrast, the device operation here does not rely on this
mechanism, and in our following discussion the Fermi level
always lies outside of this hybridization gap.
Now for an incoming electron from the left lead, it is spin-
polarized along the x-direction, i.e., with spin state |x; +〉. Af-
ter it enters the channel region, it can be transmitted by co-
herently splitting and propagating through both edges, with
|x; +〉 = 1√
2
(|z; +〉 + |z;−〉). Indeed, the superposition of the
two edge states offers a single channel for a spin-polarized
carrier. Due to the reflections at the entrance and exit of the
channel region, there will be the usual Fabry-Perot type oscil-
lations in the conductance as a function of the channel length.
In the following analysis, we fix the channel length such that
resonant transmission occurs at Vg = 0. (Note that the mod-
ulation effect by Vg that we discuss below does not depend
on the choice of channel length, which simply amounts to a
nonzero offset in Vg.) Then by the above analysis, we expect
to have a conductance close to e2/h for Vg = 0.
By applying a gate voltage Vg, as shown in Fig. 3(a), one
observes that the conductance begins to drop when Vg in-
creases. It was almost completely suppressed at a relatively
small gate voltage ∼ 2.15 mV, and after which it starts to in-
crease. With increasing Vg, the conductance exhibits an inter-
esting periodic modulation between 1 and 0 (here and here-
after, conductance is stated in units of e2/h). For Vg < 0,
the result is quite similar, although the oscillation period is
slightly increased due to deviation from perfect linear disper-
sion (Fig. 2(a)).
To understand this phenomenon, we notice that Vg only af-
fects the upper edge. Its main effect is the modulation of the
phase of carrier passing through the upper edge, which is for
the |z; +〉 spin state. When Vg is small and slowly varying, an
extra phase is acquired for the transmission through the upper
edge, which can be approximated as
∆ϕ = 2pieVgLg/(hvF), (3)
where vF is the group velocity of the edge state. As a re-
sult, when the carrier reaches the right lead, its state becomes
1√
2
(ei∆ϕ|z; +〉+ |z;−〉), i.e., its polarization is rotated from xˆ by
an angle (−∆ϕ) in the xy-plane. Hence the transmission prob-
ability and the conductance are reduced by a factor cos2(∆ϕ).
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FIG. 3: (a) Conductance versus the side gate voltage Vg. The model
parameters are the same as in Fig. 2, and ge = 0.39, gh = 1.61,
mL = mR = 2.0 meV, channel length is set to 285a, Lg = 180a,
Wg = 10a, and Fermi level EF = −1.25 meV. (b) Schematic figure
showing the working principles of the device. An incoming electron
polarized along xˆ get split into the two spin-polarized edge channels.
The transmission through the upper edge is modulated by the side
gate and acquires an extra phase. When the carrier reaches the drain,
its polarized is rotated in the xy-plane by an angle ∆ϕ.
In Fig. 3(a), if we take the point Vg = 2.15 mV as correspond-
ing to the condition that ∆ϕ = pi, then from the above approx-
imation we can estimate the Fermi velocity vF ' 3.83 × 105
m/s, which agrees well with the value ' 3.82 × 105 m/s ex-
tracted from the energy spectrum in Fig. 2(a). When Vg is
large, the spatial distribution of the edge state will also be af-
fected. For example, for a large negative voltage, the edge
channel will be pushed away from the gated region. Then the
dependence of ∆ϕ on Vg for large voltages generally deviates
from a simple linear relationship, which is also reflected in
the shape change of the conductance curve for large Vg. Fig-
ure 4(a) shows the conductance curves for different gate length
Lg. The modulation period increases with decreasing Lg, and
scales approximately linearly in Lg as predicted in Eq. (3).
From the above analysis, we see that the device effectively
rotates the spin-polarization of the incoming electron in the
xy-plane by an angle controlled by Vg. For a given Vg we
can determine the spin rotation angle ∆ϕ by rotating mˆR in
the xy-plane and search for the configuration at which G = 0,
which is effectively like making the ferromagnetic drain as an
analyzer for the spin direction. Figure 4(b) shows the resulting
∆ϕ vs. Vg for small voltages, which indeed agrees well with
our approximation in Eq. (3).
If we replace the drain electrode by a paramagnetic metal,
the device can act as a spin-polarization rotator, which ro-
tates the spin-polarization of the current, similar to an op-
tical polarization rotator. In the original Datta-Das spin
transistor,[33] the spin-polarization of the carrier is rotated
by gate-controlled Rashba spin-orbit coupling. However, the
carriers entering the channel are moving along different di-
rections, leading to a spread of rotation angles when they
reach the drain, not to mention the spin-relaxation inside the
channel.[34] In comparison, here the edge states are fully
spin-polarized, principally without spin-relaxation; and these
are one-dimensional channels, hence angular spread should
be much smaller. Consequently, the current spin transistor as
well as the spin-polarization rotator could have a better per-
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FIG. 4: (a) Modulation of conductance by Vg for different side-gate
length Lg = 180a, 90a, and 60a. (b) The spin rotation angle ∆ϕ
versus Vg for small voltages and Lg = 180a. The other parameters
are the same as in Figs. 1 and 2.
formance than the traditional designs.
The observed electric modulation of the conductance is a
result of the interference between the transport at the two
edges. It fully exploits the features of QSHIs: edge channels
are spin-polarized and both edges conducts. It is crucial that
both edges participate in the transport, which is the case when
the leads are polarized in directions perpendicular to zˆ. If we
let the leads polarized along z-direction, then the carriers will
only travel along one of the edges, hence the modulation ef-
fect is expected to be suppressed. Figure 5(a) shows the result
for mˆL,R = zˆ, which indeed confirms our expectation.
For the intermediate case with 0 < θL,R < pi/2, where θL(R)
is the polar angle for mˆL(R) measured from z-axis, if mˆL and
mˆR are aligned in the same direction (with angle θ), then
based on our above discussion, varying θ could tune the de-
gree of interference between the two edges. Figure 5(b) shows
the conductance as a function of θ at Vg = 2.15 mV which cor-
responds to the first G = 0 point in Fig. 2(a). One observes
that G is continuously tuned from 1 to 0 between θ = 0 where
there is no interference and θ = pi/2 where there is strong
destructive interference. In addition, for a given mˆL, to maxi-
mized the on-off ratio of the device, one may choose mˆR such
that θR = pi−θL and φR = φL (or φL +pi), then the conductance
would be modulated between 0 and sin2 θ.
Some remarks are in order here. As we mentioned before,
several previous device proposals rely on the inter-edge cou-
pling between the states on opposite edges, e.g., by designed
constriction structures. In the contrary, here the decoupling
between the two edges is desired. To this end, one needs the
localization length (along the width) of the edge states ξ to be
much smaller than the sample width W. This can be achieved
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FIG. 5: (a) Conductance versus Vg for both leads polarized along zˆ-
direction. (b) Conductance as a function of the polar angle θ of mˆL,R
(in the same direction) at a fixed voltage Vg = 2.15 mV. The other
parameters are the same as in Figs. 1 and 2.
either by increasing W, or by choosing a channel material with
a large bulk bandgap since it has been shown that ξ is inversely
proportional to the bulk gap.[32]
For a QSHI, its edge states are topologically-protected
against non-magnetic scatterers.[1, 2, 36] With preserved time
reversal symmetry (in the channel region), the side-gate mod-
ulation effect should survive against elastic scatterings since
the phase coherence is preserved (although there may be
a constant phase shift at zero voltage). However, inelas-
tic scatterings would randomize the phase hence suppress
the modulation effect. Experimentally, it has been demon-
strated that the electron mean free path over several microns
can be achieved in HgTe quantum well structures at low
temperatures.[20–22] For a device with dimensions less than
a micron, one can assume a ballistic transport and the effect
should be observable.
Finally, from our analysis of the underlying physics, it
should be clear that the specific choice of the material model
here is not essential. Any QSHI connecting two ferromagnetic
leads should exhibit similar physics. For other QSHIs, the
spin-polarization of the edge channels may not be along the z-
direction (for HgTe quantum wells, the polarization may also
slightly deviate from zˆ if possible structure inversion asym-
metry is present[35]). However, the edge channels would still
form time-reversal pairs and have opposite spin-polarization
along certain direction nˆ. Then the maximum modulation ef-
fect would occur when the lead polarization is perpendicu-
lar to nˆ. Using this effect, one can actually probe the spin-
polarization of the QSHI edge states.
In summary, we have proposed and investigated a new
QSHI-based spin transistor device. We demonstrate that its
conductance can be effectively modulated between 0 and e2/h
using a side-gate in an all-electric manner. We clarify the un-
derlying physics, and show that by replacing the drain elec-
trode with a paramagnetic metal, the device can also act as a
good spin-polarization rotator. Based on a different working
principle from other designs, the device has the advantages
of low-dissipation, structural simplicity, and all-electric con-
trollability. The switching can be achieved at a small applied
voltage, and compared with Datta-Das type spin transistors,
its performance does not suffer from the spread of spin pre-
cession angles.
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